Activating mutations in FGFR3 cause achondroplasia and thanatophoric dysplasia, the most common human skeletal dysplasias. In these disorders, spinal canal and foramen magnum stenosis can cause serious neurologic complications. Here, we provide evidence that FGFR3 and MAPK signaling in chondrocytes promote synchondrosis closure and fusion of ossification centers. We observed premature synchondrosis closure in the spine and cranial base in human cases of homozygous achondroplasia and thanatophoric dysplasia as well as in mouse models of achondroplasia. In both species, premature synchondrosis closure was associated with increased bone formation. Chondrocyte-specific activation of Fgfr3 in mice induced premature synchondrosis closure and enhanced osteoblast differentiation around synchondroses. FGF signaling in chondrocytes increases Bmp ligand mRNA expression and decreases Bmp antagonist mRNA expression in a MAPK-dependent manner, suggesting a role for Bmp signaling in the increased bone formation. The enhanced bone formation would accelerate the fusion of ossification centers and limit the endochondral bone growth. Spinal canal and foramen magnum stenosis in heterozygous achondroplasia patients, therefore, may occur through premature synchondrosis closure. If this is the case, then any growth-promoting treatment for these complications of achondroplasia must precede the timing of the synchondrosis closure.
INTRODUCTION
Longitudinal bone growth occurs through endochondral ossification, in which chondrocytes progress through a series of proliferation and differentiation processes. Chondrocytes in the reserve zone of growth plates proliferate and then exit the cell cycle to differentiate into hypertrophic chondrocytes. The increase in the number of chondrocytes by proliferation, the increase in the size of chondrocytes by hypertrophy and the synthesis of extracellular matrix all contribute to linear growth. Chondrocytes in growth plates are continuously supplied by the differentiation and proliferation of chondrocytes in the reserve and proliferative zones, while terminally differentiated hypertrophic chondrocytes are removed at the chondro-osseous junction by apoptotic cell death. The balance between the addition and removal of chondrocytes as well as matrix production and degradation determines the height of the growth plates. In humans, the cessation of linear growth usually coincides with the end of puberty when growth plates become entirely replaced by bone.
Similar to the appendicular skeleton, in the vertebrae, sternum and cranial base, bone growth occurs at synchondroses-cartilaginous structures consisting of two opposed growth plates with a common zone of resting chondrocytes. As with endochondral growth plates, synchondroses also become replaced by bone. The regulation of growth plate and synchondrosis closure is still not entirely understood.
Endochondral ossification is controlled by multiple regulatory factors (1, 2) . An essential regulator of endochondral bone growth is fibroblast growth factor receptor 3 (Fgfr3). Fgfr3 is preferentially expressed in proliferating and prehypertrophic chondrocytes in epiphyseal growth plates (3, 4) . Activating mutations in FGFR3 cause autosomal dominant human skeletal disorders, achondroplasia, thanatophoric dysplasia and hypochondroplasia (5 -9) . Thanatophoric dysplasia is the most common lethal skeletal dysplasia, and achondroplasia is the most common non-lethal form of dwarfism. Despite its non-lethality, common and serious complications in achondroplasia are a small foramen magnum and spinal stenosis (10, 11) (Fig. 1) . Stenosis of the foramen magnum, the orifice in the occipital bone through which passes the spinal cord from the medulla oblongata, has been associated with hydrocephalus and sudden death in infancy (12 -14) as well as headaches in older children (15) . Currently, surgical enlargement of very small foramen magnum is recommended for ,10% of children with achondroplasia (11, 16) . Narrowing of the spinal canal, which contains the spinal cord and cauda equina, is a common complication in adults with achondroplasia and can cause neurologic deficits including myelopathy, radiculopathy and neurogenic claudication. In addition, insufficient growth of the cranial base causes midface hypoplasia, which leads to obstructive sleep apnea, otitis media and dental malocclusion.
Inadequate growth of the spinal canal, foramen magnum and cranial base in patients with FGFR3 mutations could be due to deficient cell proliferation, hypertrophy and/or matrix production, and/or due to premature closure of synchondroses. Support for the latter mechanism comes from computed tomography (CT) studies in patients with achondroplasia where premature closure of occipital bone synchondroses was observed (17) . To explore the developmental mechanisms that contribute to these complications, we examined synchondroses of the spine and cranial base in human specimens from children who died from homozygous achondroplasia and thanatophoric dysplasia, and we studied the timing of synchondrosis closure in mice with the Fgfr3 mutation G374R, which corresponds to the common human achondroplasia mutation, and in mice that express a constitutively active form of MEK1, a downstream effector of Fgfr3 signaling. In humans and in mice, we observed premature closure of multiple synchondroses. Our results indicate that Fgfr3 and MAPK signaling in chondrocytes regulate synchondrosis closure, osteoblast differentiation and bone formation, providing novel insights into the developmental mechanisms of spinal canal stenosis, foramen magnum stenosis and midface hypoplasia in achondroplasia. If premature synchondrosis closure accounts for spinal canal stenosis, foramen magnum stenosis and midface hypoplasia, then future growthpromoting treatment for these complications must start before the synchondroses close.
RESULTS
Human specimens from homozygous achondroplasia and thanatophoric dysplasia were examined at the International Skeletal Dysplasia Registry at Cedars-Sinai Medical Center. The synchondroses in the cranial base and lumbar vertebrae were examined in one case of homozygous achondroplasia, four cases of thanatophoric dysplasia (three perinatal, one fetal) and one control fetus (Table 1) .
Premature synchondrosis closure in homozygous achondroplasia
Gross inspection and radiographic examination of the midsagittal slice of the cranial base in an infant who died from homozygous achondroplasia (Case 1) showed absence or premature closure of the spheno-occipital synchondrosis ( Fig. 2B and C), which normally closes between 11 and 25 years of age (18 -22) . We also examined the neurocentral synchondroses of the lumbar vertebrae that normally close between 3 and 14 years of age (23 -26) . X-ray examination of the third lumbar spine showed complete fusion of the neurocentral synchondrosis on one side and partial fusion on the other side (Fig. 2D) , consistent with premature closure. Fusion was confirmed histologically (data not shown).
Premature synchondrosis closure in thanatophoric dysplasia
We also examined one 27-week thanatophoric dysplasia fetus with an R248C mutation (Case 2) and one 26-week gestation control without any signs of skeletal dysplasia (Case 3). Radiographic examination showed narrowing of the foramen magnum in the thanatophoric dysplasia fetus (Fig. 2E and F) . Although the intraoccipital synchondroses were still open at this stage, this fetus had a bony bridge forming around the anterior intraoccipital synchondroses (Fig. 2E ) that was (Fig. 2G) . In contrast, no bridging bones were observed in the control fetus ( Fig. 2F and H) . We also examined perinatal specimens from three neonates with thanatophoric dysplasia (Cases 4-6). Case 4 had a previously unreported G to C mutation in the stop codon, which is predicted to change the stop codon to serine residue. Cases 5 and 6 had an R248C mutation. In all cases, we observed premature closure of the cranial base and neurocentral synchondroses in association with increased bone formation (Supplementary Material, Fig. S1 ). Collectively, these observations indicate that activating mutations in FGFR3 cause premature synchondrosis closure and increased bone formation.
Premature synchondrosis closure in mice that express an achondroplasia mutation
To examine the role of Fgfr3 in synchondrosis closure, we analyzed a mouse knock in model of achondroplasia (27) . The Fgfr3 G374R mutation corresponds to the most common human achondroplasia mutation, FGFR3 G380R. The targeted allele is a hypomorph until Cre-recombinase excises the floxed neomycin selection cassette, at which point its expression normalizes. The use of Zp3-Cre transgenic mice, which express Cre in oocytes, produces a normally expressed Fgfr3 G374R allele and results in dwarfism.
We found that multiple synchondroses close prematurely in mice heterozygous for the mutant Fgfr3 G374R allele (Fgfr3 G374R/þ ). Skeletal preparation of 10-day-old mice showed premature closure of the intersphenoid, spheno-occipital and anterior intraoccipital synchondroses in the cranial base, while corresponding synchondroses remained cartilaginous in wild-type littermates (Fig. 3A) . Consistently, neurocentral synchondroses in the cervical, thoracic and lumber spine prematurely closed in Fgfr3 G374R/þ mice (Fig. 3B) . The premature closure of synchondroses was also observed in the triradiate cartilage of pelvis, sternum and hyoid (Supplementary Material, Fig. S2 ).
Histological analyses of the premature synchondrosis closure
We first examined Fgfr3 expression in synchondroses by in situ hybridization. Relatively strong expression of Fgfr3 was observed in chondrocytes of the proliferating and prehypertrophic zones of synchondroses in the cranial base, spine and (Fig. 4A) . However, from postnatal day 1 (P1), the neurocentral synchondroses narrowed progressively in Fgfr3 G374R/þ mice. While the neurocentral synchondroses of wild-type mice did not close until about P14 (data not shown), neurocentral synchondroses in Fgfr3 G374R/þ mice showed partial closure at P4 and complete closure by P8. Interestingly, the growth plate-like structure of the neurocentral synchondrosis consisting of the zones of the resting, proliferating and hypertrophic chondrocytes was well maintained at P8 in wild-type mice (Fig. 4B) . In contrast, Fgfr3 G374R/þ mice had premature loss of the zones of the resting and proliferating chondrocytes beginning at P2. By P4, most of the chondrocytes became hypertrophic as evidenced by immunohistochemistry for type X collagen (Fig. 4D ).
Because reduced cell proliferation, early apoptosis or precocious terminal differentiation could each be responsible for the precocious synchondrosis closure, we examined proliferation of chondrocytes in the synchondrosis by bromodeoxyuridine (BrdU) incorporation, differentiation of chondrocytes by immunohistochemistry for type X collagen and apoptosis by TUNEL assay. We also looked for evidence of vascular and osteoclast/chondroclast invasion by immunohistochemistry for von Willebrand factor, MMP9, MMP13, tartrate-resistant acid phosphatase (TRAP) and in situ hybridization for Vegf. At E16.5, there was no difference in the number of BrdUlabeled cells in the neurocentral synchondrosis between wildtype and mutant mice (Fig. 4E) . However, by P2, the mutant mice had fewer BrdU-labeled cells. In the wild-type synchondrosis, numerous BrdU-labeled cells were found in the zones that correspond to the proliferative zone of growth plate, while only a few chondrocytes were labeled with BrdU in the synchondrosis of Fgfr3 G374R/þ mice. Immunohistochemistry for an endothelial marker, von Willebrand factor, showed increased vascular endothelial cells at the chondro-osseous junction of synchondroses of Fgfr3 G374R/þ mice, suggesting increased vascular invasion (Fig. 4F) . In situ hybridization analysis showed increased Vegf expression in hypertrophic chondrocytes of Fgfr3 G374R/þ mice compared with wild-type mice, suggesting a role for VEGF in the increased vascularization ( Fig. 4G ). No obvious difference was found in the number of osteoclasts/chondroclasts, apoptosis in synchondroses by TUNEL staining and expression of MMP9 and MMP13 between Fgfr3 G374R/þ mice and wild-type littermate mice in these analyses (data not shown).
Increased bone formation in the perichondrium of mice that express Fgfr3 G374R
Similar to synchondroses in humans with thanatophoric dysplasia and homozygous achondroplasia, Fgfr3 G374R/þ mice had bone formation encasing the closing synchondroses. To examine osteoblast differentiation around the closing synchondroses, we expressed the Col1a1-LacZ transgene in Fgfr3 G374R/þ mice. The Col1a1-LacZ transgene expresses LacZ under the control of a 2.3 kb osteoblast-specific promoter of Col1a1, a gene for type I collagen (28) . The neomycin cassette was removed by using the Zp3-Cre transgene, so that the Fgfr3 allele was recombined in a systemic fashion. X-gal staining of Fgfr3 G374R/þ ;Col1a1-LacZ mice showed a marked increase in osteoblasts around the synchondroses at P3 (Fig. 5A ). We also examined the expression of Runx2, a transcription factor essential for osteoblast differentiation (29, 30) . Runx2-positive cells were increased in the periosteum of mutant mice compared with wild-type mice at P4 (Fig. 5B ). These observations strongly suggest that increased Fgfr3 signaling promotes osteoblast differentiation around the closing synchondroses. Figure 3 . Skeletal preparations after alizarin red staining of mice that express Fgfr3 G374R and wild-type littermate mice at P10. Synchondroses in the cranial base (A) and spine (B) were prematurely closed in mice that express Fgfr3 G374R. Arrows indicate fused synchondroses. Asterisks indicate the neurocentral synchondroses. Scale bars indicate 1 mm. Abbreviations: Wt, wild-type mice, (G374R) mice that express Fgfr3 G374R; is, intersphenoid; so, spheno-occipital; aio, anterior intraoccipital; sc, spinal canal; C5, 5th cervical vertebrae; T8, eighth thoracic vertebrae; L4, fourth lumbar vertebrae.
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Fgfr3 is strongly expressed in chondrocytes and also expressed in osteoblasts (31) . To examine whether the increased osteoblast differentiation was caused by the increased Fgfr3 signaling in osteoblasts or chondrocytes, we expressed Fgfr3 G374R in osteoblasts and chondrocytes of the Col1a1-LacZ transgenic mice using the Col1a1-Cre and Col2a1-Cre transgenes, and osteoblasts were identified by X-gal staining ( Fig. 5C and D and data not shown). The tissue specificity of Cre activity was confirmed by using the ROSA26 reporter mice (Fig. 5E ). Fgfr3 mutant mice harboring the Col2a1-Cre transgene showed an increased number of X-gal-stained osteoblasts in the periosteum and at the chondro-osseous junction of synchondroses in the spine, sternum and cranial base ( Fig. 5C and D and data not shown) at P3. These mice also showed a dwarf phenotype and premature synchondrosis closure ( Fig. 5G and data not shown). In contrast, the use of Col1a1-Cre transgene did not result in an increased number of X-gal-stained osteoblasts (data not shown). These mice did not show premature synchondrosis closure and grew normally without obvious skeletal abnormalities ( Fig. 5F and data not shown). These observations indicate Fgfr3 signaling in chondrocytes promotes osteoblast differentiation and bone formation around synchondroses in a paracrine fashion. A similar increase in osteoblasts 232
was also observed in the perichondrium of long bones when Fgfr3 G374R is expressed in chondrocytes using the Col2a1-Cre transgene (data not shown).
Premature synchondrosis closure in mice that express a constitutively active mutant of MEK1 (S218/222E, D32-51) in chondrocytes
To investigate downstream signaling that mediates premature synchondrosis closure, we examined synchondroses of Col2a1-MEK1 transgenic mice that express a constitutively active mutant MEK1 in chondrocytes and show an achondroplasia-like dwarfism (32) . Skeletal preparation of 11-day-old Col2a1-MEK1 mice showed premature closure of multiple synchondroses including the cranial base, vertebrae, pelvis and hyoid ( Fig. 6A and B and data not shown). These observations are consistent with increased MAPK signaling mediating the premature synchondrosis closure seen in the Fgfr3 mutants.
We also crossed Fgfr3 G374R mutant mice with transgenic mice that overexpress C-type natriuretic peptide (CNP) in chondrocytes, since CNP can inhibit the ERK MAPK pathway in chondrocytes (33, 34) . Transgenic overexpression of CNP mice partially rescued the premature synchondrosis closure in the sternum (Supplementary Material, Fig. S3 ). In contrast, loss of Stat1, another downstream signaling molecule of Fgfr3, did not rescue the premature closure of the synchondroses (Supplementary Material, Fig. S4) (35,36) . These observations further support the notion that increased Fgfr3 signaling accelerates synchondrosis closure through the MAPK pathway.
Increased bone formation in mice that express a constitutively active mutant of MEK1 (S218/222E, D32-51) in chondrocytes Consistent with the notion that increased Fgfr3 signaling in chondrocytes leads to increased osteoblast differentiation, and the MAPK pathway mediates Fgfr3 signaling, we found an increased bone formation in Col2a1-MEK1 mice. In this mouse model, the transgene harbors an IRES-LacZ cassette, and no osteoblast expression of the transgene was detected by X-gal staining. While no cortical bone was observed over the spheno-occipital synchondrosis of wild-type mice at P1, the cortical bone over the spheno-occipital synchondrosis already connected the cortices of the sphenoid and occipital bones in Col2a1-MEK1 mice, indicating accelerated cortical bone formation (Fig. 6C upper panels) . This accelerated bone formation was further confirmed by in situ hybridization for an osteoblast marker bone sialoprotein (BSP) (Fig. 6C lower panels). These observations indicate that increased MEK1 signaling in chondrocytes stimulates bone formation over the synchondrosis and suggest that an increased bone formation in Fgfr3 G374R mice is mediated by increased MAPK signaling in chondrocytes.
Regulation of Bmp-2, Bmp-7, Noggin, Chordin, Gremlin by FGF18 and the MAPK pathway in primary chondrocytes Because our data indicate that Fgfr3 signaling in chondrocytes regulates osteoblast differentiation, and the regulation is likely to be mediated by the MAPK pathway, we looked for downstream targets that are regulated by FGF18 in an MAPKdependent manner by microarray analyses (Supplementary Material, Table S1 ). FGF18 is a putative physiological ligand for Fgfr3 (37, 38) . Among genes that were differentially regulated by FGF18 in primary chondrocytes, we consistently found a number of Bmp ligands and Bmp antagonists. The gene Figure 6 . Premature synchondrosis closure in mice that express a constitutively active mutant of MEK1 (S218/222E, D32-51) in chondrocytes. Skeletal preparations of the (A) cranial base and (B) spine showed premature synchondrosis closure. Arrows indicate fused synchondroses. Abbreviations: is, intersphenoid; so, spheno-occipital; aio, anterior intraoccipital; asterisk, neurocentral synchondroses; C5, fifth cervical vertebrae; T8, eighth thoracic vertebrae. (C) Upper panels show hematoxylin, eosin and alcian blue (HE Al B) staining of the spheno-occipital synchondrosis at P1. In transgenic mice that express a constitutively active mutant of MEK1 in chondrocytes, the eosin-stained bone cortex (green arrow) over the synchondrosis connects the cortices of the sphenoid and occipital bones, whereas in wild type mice, the synchondrosis is flanked by the thin perichondrium. Lower panels show in situ hybridization for Bone sialoprotein (BSP) of neighboring sections. While the perichondrium flanking the synchondrosis did not express Bone sialoprotein in wild type mice, mice that express a constitutively active mutant of MEK1 in chondrocytes showed intense signal for Bone sialoprotein over the synchondrosis (green arrow), indicating accelerated osteoblast differentiation in the perichondrium. regulation of Bmp ligands and Bmp antagonists was further confirmed by real-time PCR in primary chondrocytes. Primary chondrocytes were treated with FGF18 in the presence or absence of U0126, and RNA was extracted at 3, 8 and 24 h after treatment. We found that FGF18 upregulates both Bmp-2 and Bmp-7 about 4-fold in a time-dependent manner ( Fig. 7A  and B, left) . The upregulation of Bmp-2 and Bmp-7 by FGF18 was at least partially inhibited by U0126 (Fig. 7A and B, right) . We next examined the expression of Bmp antagonists, Noggin, Chordin and Gremlin. FGF18 inhibited, while U0126 upregulated, all three Bmp antagonists although with different kinetics and different magnitude (Fig. 7C-E) . The inhibition of Noggin, Chordin and Gremlin expression by FGF18 was at least partially inhibited by U0126, suggesting that the regulation was mediated by the ERK MAPK pathway. The MAPK regulation of Bmp2, Bmp7, Noggin and Gremlin was further confirmed by infecting primary chondrocytes with adenovirus expressing a constitutively active mutant MEK1 S217/221E (Supplementary Material, Fig. S5 ). Collectively, these observations indicate that FGF18 upregulates Bmp-2, -7, and downregulates Noggin, Chordin and Gremlin in primary chondrocytes, and the MAPK pathway plays a central role in the regulation.
Decreased Noggin and Gremlin expression and increased Bmp-7 expression in chondrocytes of mice that express Fgfr3 G374R
We further examined the expression of Bmp ligands and Bmp antagonists in the synchondroses of Fgfr3 G374R/þ mice and Col2a1-MEK1 mice by in situ hybridization. In situ hybridization analysis was done at P1, when the growth plate-like architecture is still maintained in the synchondroses. We found that Noggin is expressed in the prehypertrophic zone of the synchondrosis, whereas Gremlin is expressed in the resting zone ( Figs 8A -C and 9 ). The expression level and expression domain of Noggin were decreased in the synchondroses of Fgfr3 G374R/þ mice and Col2a1-MEK1 mice compared with wild-type mice ( Fig. 8A  and B) . Similarly, Gremlin expression was decreased in Fgfr3 G374R/þ mice compared with wild-type mice (Fig. 8C ). Unlike FGF18-treated primary chondrocytes, we did not observe an obvious difference in Bmp-2 and Bmp-7 expression in these mice in in situ hybridization (data not shown). This difference might be due to the long-term Fgfr3 stimulation in vivo and short-term stimulation in vitro.
We next examined Noggin, Gremlin, Chordin, Bmp-2 and Bmp-7 expression in the epiphyseal cartilage of long bones by real-time PCR. RNA was directly extracted from the epiphyseal cartilage of Fgfr3 G374R/þ mice and wild-type littermate mice. Consistent with the in situ hybridization analysis of the synchondrosis, there was a statistically significant decrease in Gremlin expression in the epiphyseal cartilage of Fgfr3 G374R/þ mice compared with wild-type mice (Fig. 8D ). Real-time PCR analysis also showed a modest decrease in Noggin expression; however, this did not reach statistical significance (Fig. 8E) . In contrast, Bmp-7 expression was consistently increased in the epiphyseal cartilage of Fgfr3 G374R/þ mice (Fig. 8F) . Chordin and Bmp-2 did not show an obvious difference between Fgfr3 G374R/þ mice and wild-type littermate mice (data not shown). Altogether, these observations suggest that increased Fgfr3 and ERK MAPK signaling in chondrocytes causes decreased expression of BMP antagonists, which in turn could affect chondrocyte phenotype of the closing synchondroses and osteoblast differentiation in the adjacent perichondrium.
DISCUSSION
In this study, we demonstrated premature synchondrosis closure and fusion of ossification centers in the spine and cranial base in one case of homozygous achondroplasia with the G380R mutation and four cases of thanatophoric dysplasia with the R248C and stop codon mutations. We also found that multiple synchondroses close prematurely in mice that express Fgfr3 G374R, which corresponds to the human achondroplasia mutation G380R. The premature closure of synchondroses may account for the stenosis of the foramen magnum and spinal canals in patients with achondroplasia. If this is the case, then any growth-promoting treatment for these complications of achondroplasia must precede the timing of the synchondrosis closure. In addition to recognizing that FGFR3 mutations contribute to premature closure of synchondroses, it is also essential to understand the mechanism by which this occurs.
Activation of Fgfr3 signaling in chondrocytes causes premature synchondrosis closure
Although premature synchondrosis closure in the cranial base has also been reported in mice harboring mutations Fgfr3 G369C and G365C (39, 40) , the precise mechanisms of accelerated closure remain unknown. The advanced osteogenesis was also noted in these studies, however, whether the premature synchondrosis closure is primarily caused by aberrant chondrogenesis or advanced osteogenesis remain unresolved. In this study, we clearly demonstrated that premature synchondrosis closure is caused by increased Fgfr3 signaling in chondrocytes. The premature synchondrosis closure in the Fgfr3 G374R mice was associated with premature loss of proliferating chondrocytes, increased vascular invasion and increased bone formation. Chondrocyte proliferation in the synchondrosis is essential for the maintenance of the synchondrosis, since hypertrophic chondrocytes of the synchondrosis are continuously removed at the chondro-osseous junction on both sides. Increased vascular invasion would also accelerate synchondrosis closure, while increased bone formation would accelerate the fusion of ossification centers.
Fgfr3 signaling in chondrocytes regulates osteoblast differentiation in a paracrine fashion
Our genetic experiments further indicated that Fgfr3 signaling in chondrocytes, not in osteoblasts, regulates osteoblast differentiation in a paracrine fashion. Regulatory sequences of Col2a1 have been reported to drive transgene expression in some of the periosteal cells and osteoblasts, raising the possibility that Fgfr3 G374R expressed in osteoblasts promotes osteoblast differentiation (41) . However, several lines of evidence strongly argue against this possibility. First, as shown in Fig 5E , no recombination in osteoblasts was detected using the Col2a1-Cre mouse line. Secondly, recombination of the Fgfr3 allele in osteoblasts using the Col1a1-Cre transgene did not promote osteoblast differentiation surrounding the synchondrosis. Third, the Col2a1-MEK1 transgenic mice that express the transgene in chondrocytes but not in osteoblasts show accelerated osteoblast differentiation surrounding the synchondrosis. Altogether, these observations indicate that Fgfr3 signaling in chondrocytes coordinately regulates synchondrosis closure by regulating osteoblast differentiation and bone formation in a paracrine fashion.
In the human thanatophoric dysplasia specimens, we observed bony overgrowth on both sides of a synchondrosis. The bony overgrowth meets on the sides and fuses, leading to a loss of the synchondrosis. This bony overgrowth is similar to the lateral overgrowth of metaphyseal bone around the physis in the long bones of thanatophoric dysplasia and achondroplasia (42) . The identification of secreted molecules from chondrocytes that mediate the increased bone formation would provide additional targets for controlling synchondrosis closure in thanatophoric dysplasia and achondroplasia.
Among cytokines and growth factors expressed in chondrocytes, Indian hedgehog (Ihh) has been implicated in the bone formation in the periosteum (43) . However, Ihh is unlikely to be the mediator of Fgfr3 signaling for bone formation, since our in situ hybridization analysis showed that Ihh expression in the synchondroses of Fgfr3 G374R/þ mice and Col2a1-MEK1 transgenic mice was indistinguishable from wild-type littermate mice in both mouse models (data not shown). In addition, Ihh has been shown to be downregulated in other mouse models expressing achondroplasia and thanatophoric dysplasia Fgfr3 mutants (44, 45) . 
Premature synchondrosis closure is mediated by the MAPK pathway
The identification of downstream pathways that mediate premature synchondrosis closure would provide therapeutic targets for preventing premature closure. Fgfr3 signaling is transduced to multiple signaling pathways, including Stat1, Stat3, Stat5, ERK1, ERK2, p38, phosopholipase C gamma, protein kinase C, Src, phosphatidylinositol 3-kinase, Akt and Pyk2 (35,36,45,49 -51) . Among these, at least Stat1 and the ERK MAPK pathway have been implicated in the regulation of skeletal development by Fgfr3 (32, 35, 36) . In this study, we showed evidence that the MAPK pathway in chondrocytes plays a central role in premature synchondrosis closure and increased bone formation. Col2a1-MEK1 transgenic mice showed accelerated synchondrosis closure similar to Fgfr3 G374R/þ mice, while loss of Stat1 did not rescue the premature synchondrosis closure in Fgfr3 G374R/þ mice. Furthermore, overexpression in chondrocytes of CNP that is capable of inhibiting the MAPK pathway partially rescued the premature synchondrosis closure. The pharmacological inhibition of the MAPK pathway or activation of CNP signaling may prevent premature closure of synchondroses.
In summary, we found premature synchondrosis closure and increased bone formation in human samples of homozygous achondroplasia and thanatophoric dysplasia and in mouse models of achondroplasia. Our genetic experiments in mice indicated that Fgfr3 signaling in chondrocytes regulates osteoblast differentiation and bone formation in a paracrine fashion. Furthermore, in vitro and in vivo analyses suggested a role for Bmp signaling in the increased bone formation surrounding the synchondroses. On the basis of these observations, we propose that Fgfr3 in chondrocytes coordinately regulates synchondrosis closure, bone formation and unification of ossification centers. Spinal canal stenosis, foramen magnum stenosis and cranial base hypoplasia in human heterozygous achondroplasia patients may be caused by the premature closure of synchondroses. The timing of the closure of each synchondrosis should be examined in these patients, and the future growth-promoting treatment on the spine and cranial base must start before synchondrosis closure. Further analysis of the roles of Fgfr3 in chondrocytes may lead to new therapeutic approaches for preventing premature synchondrosis and growth plate closure in achondroplasia and other skeletal disorders.
MATERIALS AND METHODS

Human specimens
Human thanatophoric dysplasia and homozygous achondroplasia specimens were examined at the International Skeletal Dysplasia Registry at Cedar Sinai Medical Center. Synchondroses in the cranial base and lumbar vertebrae were first examined by X-ray and further processed for histological analysis. The formalin-fixed, undecalcified tissue was embedded in methylmethacrylate, sectioned with a tungsten blade and stained with Goldner's stain.
Mice
The institutional animal care and use committee of Case Western Reserve University approved all animal procedures. All animal care and use were performed in accordance with the institutional animal use methods and policies. Mice harboring the Fgfr3 G374R mutation that corresponds to the human achondroplasia mutation G380R and transgenic mice that express in chondrocytes a constitutively active mutant of MEK1 under the control of regulatory sequences of Col2a1 were described previously (27, 32) . Zp3-Cre transgenic mice that express Cre recombinase in oocytes (52), Prx1-Cre transgenic mice that express Cre recombinase in all mesenchymal cells of the developing limb bud and sternum (53), Col2a1-Cre transgenic mice that express Cre recombinase in chondrocytes (54) and Col1a1-Cre transgenic mice that express Cre recombinase in osteoblasts (55) were used to delete the neomycin cassette in Fgfr3. Mice that express LacZ under the control of a 2.3 kb Col1a1 osteoblast-specific promoter (28) were a generous gift from Dr. Benoit de Crombrugghe (U.T.M.D. Anderson Cancer Center, Houston, TX, USA). Transgenic mice that overexpress human CNP under the control of regulatory sequences of Col2a1 were generated at the Transgenic Core Facility at Case Western Reserve University. The transgenic expression vector containing the promoter and enhancer sequences of mouse Col2a1 was generously provided by Dr. Yoshihiko Yamada (National Institutes of Health, Bethesda, MD, USA). Stat1-null mice were purchased from Taconic (56) . The Fgfr3 allele was recombined using the Zp3-Cre transgene to express Fgfr3 G374R in the Stat1-null background (32) .
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Skeletal preparations
Mice were euthanized by carbon dioxide inhalation. After removing the skin, the whole body was fixed in 95% ethanol and stained with Alcian blue and Alizarin Red S. Soft tissues were removed with KOH treatment.
Histological examination
Tissues were fixed in 4% formaldehyde in phosphate-buffered saline (PBS) for 20 -24 h at 48C and embedded in paraffin. Postnatal tissues were demineralized in 0.5 M EDTA before embedding. Sections were cut in 7 mm and stained with hematoxylin, eosin and alcian blue. For immunostaining, endogenous peroxidase activity was quenched with 3% hydrogen peroxidase. Heat-induced epitope retrieval was performed in Borgdecloaker (Biocare) using a pressure cooker (Biocare). Primary antibodies for von Willebrand factor (Chemicon, CA, USA), Runx2 (Santa Cruz Biotechnology Inc.) and Osteopontin (R&D) were applied onto each section and incubated at room temperature for 1 h or at 48C overnight. After washing with PBS-containing 0.01% Triton X, sections were incubated with an anti-rabbit or anti-goat peroxidase-conjugated polymer (Super PicTure Polymer Detection kit, Zymed, CA, USA). Immunostaining of type X collagen was done using a mouse anti-type X collagen antibody (Clone X53, Cat. No. 2031501005, quartett Immunodiagnostika&Biotechnologie GmbH, Berlin, Germany) and MM biotinylation kit (Biocare medical, CA, USA). Color was developed using diaminobenbenzidine or 3,3 0 ,5,5 0 -tetramethylbenzidine (KPL Inc., MD, USA). Sections were counterstained with Orcein or Contrast green (KPL). For cell proliferation analysis, BrdU (Zymed) was injected intraperitoneally or subcutaneously at a dose of 300 mg/kg. Mice were sacrificed 2 h after injection. BrdUlabeled cells were identified using BrdU-staining kit (Zymed). For X-gal staining, tissues were fixed with 2% formalin in PBS, washed in rinse buffer (0.1% sodium deoxycholate, 0.2% NP40, 2 mM MgCl 2 , 0.1 M phosphate buffer, pH 7.3), and stained in X-gal solution (1 mg/ml X-gal, 5 mM ferricyanide, 5 mM ferrocyanide in the rinse buffer). Images were taken with Leica microscope using Leica suite software.
In situ hybridization
Slides were deparaffinized and fixed in 4% formaldehyde. Sections were then digested with proteinase K (1 mg/ml) for 20 min at 378C, and acetylated in 0.25% acetic anhydride in 0.1 M triethanolamine-hydrochloride. After re-fixation in 4% formaldehyde, sections were hybridized with 35 S-labeled antisense riboprobes in hybridization buffer (50% deionized formamide, 300 mM NaCl, 20 mM Tris -HCl, pH 8.0, 5 mM EDTA, 0.5 mg/ml yeast tRNA, 10% dextran sulfate, and 1Â Denhardt's) in a humidified chamber at 558C overnight. After hybridization, slides were washed with 5Â SSC at 508C, 50% formamide, 2Â SSC at 658C and 1Â NTE (0.5 M NaCl, 10 mM Tris -HCl, pH 8.0, 5 mM EDTA) at 378C then treated with RNase A (20 mg/ml) and RNase T1 (1 U/ml) in 1Â NTE at 378C for 20 min. Slides were further washed in 1Â NTE at 378C, 50% formamide, 2Â SSC at 658C, 2Â SSC, 0.1Â SSC, and then dehydrated with graded concentrations of ammonium acetate and ethanol. Slides were dipped in NTB emulsion (Kodak) and exposed for 5 days to 2 weeks. Slides were then developed and counterstained with Hoechst 33258 (Sigma).
Cell cultures
Mouse costal chondrocytes were isolated from 3-or 4-day-old B6D2 (C57BL6/DBA2) wild-type mice (57) . The rib cages were first digested with 3 mg/ml collagenase at 378C for about 1 h to remove soft tissues. Chondrocytes were isolated from the ribs by further digesting with 0.5 mg/ml collagenase overnight in a CO 2 incubator at 378C. For FGF18 and U0126 treatment, cells were plated either in 60 mm dishes, 12-well plates or 24-well plates at a density of 1 Â 10 5 cells/cm 2 , cultured in high-glucose Dulbecco's Modified Eagle Medium (Invitrogen) supplemented with L-glutamine 2 mM (Invitrogen), penicillin (50 units/ml), streptomycin (50 mg/ml) and 10% FBS for 3 days until reaching subconfluence, and treated with 20 ng/ml FGF18 (R&D) in the presence or absence of 20 mM U0126 (Promega, Madison, WI, USA). Total RNA was extracted at 3, 8 and 24 h after the stimulation using RNeasy kit (Qiagen, Valencia, CA, USA). For adenovirus infection, primary chondrocytes were plated in 12-well plates at 2 Â 10 5 cells/cm 2 . Cells were infected with adenovirus encoding a constitutively active MEK1 S217/221E or empty control adenovirus (Cell Biolabs, San Diego, CA, USA) at an MOI of 100 one-h after plating. RNA was harvested 48 h after adenovirus infection.
Isolation of RNA from epiphyseal cartilage
For direct RNA extraction from the epiphyseal cartilage, the epiphyses in the proximal tibia, distal femur and distal humerus were collected from 3-day-old mice under the dissecting microscope. Harvested epiphyses were homogenized in RLT solution (Qiagen) using Power Gen 500 (Fisher, Pittsburgh, PA, USA). Total RNA was extracted using RNeasy kit (Qiagen).
Real-time PCR
RNA was reverse-transcribed to cDNA with High Capacity cDNA Archive Kit (Applied Biosystems). Real-time PCR was performed on the Applied Biosystems 7500 real-time PCR detection system. TaqMan probe sets were designed and synthesized by Applied Biosystems (Bmp-2; Mm01962382_s1, Bmp-7; Mm00432105_m1, Noggin; Mm01297833_s1, Chordin; Mm00438203_m1, Gremlin 1; Mm00488615_s1, Gapdh; 4352932E). To compare gene expression levels, the comparative cycle threshold (Ct) method was used. Gapdh was used as an endogenous control to correct for potential variation in RNA loading or in efficiency of amplification.
Microarray analysis
Microarray analysis was performed in the Gene Expression and Genotyping Facility of the Case Comprehensive Cancer Center at Case Western Reserve University. Briefly, total RNA was cleaned up with Qiagen spin columns and converted 
